Autofluorescence of endogenous molecules can provide valuable insights in both basic research and clinical applications. One such technique is fluorescence lifetime imaging (FLIM) of NAD(P)H, which serves as a correlate of glycolysis and electron transport chain rates in metabolically active tissue. A powerful advantage of NAD(P)H-FLIM is the ability to measure cell-specific metabolism within heterogeneous tissues. Cell-type specific identification is most commonly achieved with directed green fluorescent protein (GFP) expression. However, we demonstrate that NAD(P)H-FLIM should not be analyzed in GFPexpressing cells, as GFP molecules themselves emit photons in the blue spectrum with short fluorescence lifetimes when imaged using two-photon excitation at 750 nm. This is substantially different from the reported GFP emission wavelength and lifetime after twophoton excitation at 910 nm. These blue GFP photons are indistinguishable from free NAD(P)H by both emission spectra and fluorescence lifetime. Therefore, NAD(P)H-FLIM in GFP-expressing cells will lead to incorrect interpretations of metabolic rates, and thus, these techniques should not be combined.
Introduction
Use of label-free imaging techniques are rapidly increasing, with many advantages in both clinical applications and basic research [1] [2] [3] . These imaging strategies typically exploit endogenous tissue properties (e.g. autofluorescence) to circumvent the need for genetically encoded indicators or organic dyes. One such method is fluorescence lifetime imaging (FLIM) of endogenous nicotinamide adenine dinucleotide (NADH) to monitor cellular metabolic changes. This is typically achieved by time-correlated single photon counting (TCSPC), using 2-photon laser scanning microscopy (2PLSM) of NADH autofluorescence, whose lifetime depends on intermolecular binding states ( Fig. 1 ). In glycolysis, oxidized, nonfluorescent NAD + becomes reduced to fluorescent NADH. In this free, unbound state, NADH emits photons with a short fluorescence lifetime of 400 ps. However, upon enzymatic binding, such as to complex I of the electron transport chain (ETC), NADH is stabilized and its fluorescent lifetime increases to approximately 2000 ps, with reports ranging from 1000 -5000 ps depending on binding partner [4] [5] [6] [7] [8] [9] (Fig. 1(d) , (e)). It is therefore possible to distinguish free and bound forms of NADH, and to extrapolate the ratio of glycolysis to ETC metabolism. As NADH is experimentally indistinguishable from the closely related nicotinamide adenine dinucleotide phosphate (NADPH) molecule by excitation and emission spectra or fluorescence lifetimes (though possible to computationally separate post hoc [8] ), Upon electron decay to ground state, a photon is released and detected by the hybrid PMT. The time of photon arrival is compared to the time of initial laser pulse, and the lifetime of the excited electron is calculated. (c) On a two-photon microscope, emitted light is passed through a series of long-pass dichroic mirrors and filter sets for NAD(P)H (460/50 nm), GFP (535/50 nm), or tomato lectin 594-DyLight (630/75 nm). (d) Endogenous NADH is autofluorescent and has a short lifetime of 400 ps when free, which increases to 2000 ps when enzymatically bound. (e) Based on photon arrival times, a biexponential curve (solid blue line) is fit to the data to separate photons into free or bound NADH components (dotted lines). NAD(P)H-FLIM is a label-free technique that allows investigation of metabolically active tissue, thereby making the method applicable to in vivo or ex vivo preparations, including human samples [9, 12, 14, 15] . Imaging cell-specific NAD(P)H in heterogenous tissue, however, requires a fluorescent reporter tag due to the ubiquity of NAD(P)H across cell types. The most commonly used cell marker in biology is green fluorescent protein (GFP).
GFP itself has also been investigated as a useful FLIM tool to measure intracellular pH, with reports of its lifetime varying from 2000 ps at pH 4.5 to 3000 ps at pH 7.5 [16, 17] . Additional studies have reported a mean GFP lifetime of 2500 ps [10, 18, 19] . This lifetime is longer than that observed for bound (~2000 ps) or free (~400 ps) NAD(P)H, and the reported GFP emission is also spectrally separated from the blue NAD(P)H emission (510 nm vs 460 nm, respectively). Therefore, it stands to reason that these two fluorophores would be compatible to investigate cell-specific metabolism.
In this study, we examined the feasibility of using NAD(P)H-FLIM in brain tissue to measure metabolic states of cells identified by GFP expression. While GFP is well-known to fluoresce within the green spectrum with a peak at 510 nm, there are concerns based on early accounts of weaker emission in the blue spectrum (<460 nm) [20] [21] [22] . To our knowledge, there have been few reports describing the emission wavelength and lifetimes of this noncanonical blue GFP fluorescence. One such study used 2PLSM with 800 nm excitation to measure GFP emission properties in aqueous solution. They found green emission (514 nm) was well fit by a single exponential decay curve with a lifetime of 3000 ps, as expected and described by others. However, blue emission (456 nm) was better suited to a biexponential decay with a short (200 ps) lifetime component [19] . An additional study in cell culture found that GFP excitation at 740 nm exhibited blue emission at 450 nm with a triple exponential decay of τ 1 : 110 ps, τ 2: 430 ps and τ 3 : 2610 ps [18] .
Although these studies describe the presence of blue GFP emission with short lifetimes, the impact on NAD(P)H-FLIM has not been examined. Pairing GFP identification with NAD(P)H-FLIM would be a powerful technique to measure the metabolic profile of specific cell types within their native, heterogeneous environments. However, the lesser-known blue fluorescence of GFP appears to match the emission spectrum and potentially the fluorescence lifetime of free NAD(P)H. We therefore sought to determine whether blue GFP photons would obscure NAD(P)H-FLIM measurements in GFP-positive cells.
We demonstrate that cellular expression of GFP leads to nearly complete contamination of the NAD(P)H signal. Using recombinant GFP in a sealed pipette, as well as neuronal and microglial expression of EGFP, we identify GFP emission in the blue spectrum (460 nm) with a mean lifetime around 500 ps when excited by NAD(P)H-FLIM parameters. Therefore, GFP expression would lead to the erroneous conclusion that cells are glycolytic, which highlights the necessity of ensuring appropriate cell-specific indicators are used in combination with NAD(P)H-FLIM.
Materials and methods

Animal protocols
All housing and experimental procedures were carried out in accordance with Canadian Council on Animal Care (CCAC) regulations. Wild type C57Bl/6 (WT), CX3CR1 +/EGFP (Jackson Lab strain 005582 crossed with wild type C57Bl/6), or Thy1-EGFP mice (Jackson Lab strain 007788) on a C57Bl/6 background were housed on a 12 h light/day cycle with food and water ad libitum.
Acute hippocampal slice preparation
Adult mice (2 months of age) were anesthetized to surgical plane with isoflurane and decapitated according to protocols approved by the University of British Columbia committee on animal care. Brains were dissected and sliced horizontally with a vibratome (Leica VT1200S; Fig. 1(a) ) at 300 μm thick in ice-cold NMDG slicing solution containing (in mM): 120 N-methyl-ᴅ-glucamine, 2.5 KCl, 25 NaHCO 3 , 1 CaCl 2 , 7 MgCl 2 , 1.2 NaH 2 PO 4 , 20 ᴅglucose, 2.4 sodium pyruvate, and 1.3 sodium L-ascorbate, which was constantly oxygenated with 95% O 2 and 5% CO 2 . Hippocampal slices were immediately transferred to artificial cerebral spinal fluid (aCSF) continuously oxygenated with 95% O 2 and 5% CO 2 , and allowed to recover for 30 minutes at 32 °C. Artificial CSF contained (in mM): 126 NaCl, 2.5 KCl, 26 NaHCO 3 , 2 CaCl 2 , 2 MgCl 2 , 1.25 NaH 2 PO 4 , and 10 ᴅ-glucose, pH 7.3-7.4, osmolarity 300 mOsm. For tomato lectin identification of microglia, slices were incubated with tomato lectin-594 DyLight (8 µg/ml; Vector Labs DL-1177) for 45 min at 32 °C.
Recombinant GFP
Recombinant GFP (EMD Millipore 14-392; 35 µM), was loaded into a glass micropipette (outer diameter: 1.5 mm; inner diameter 0.86 mm, sealed at one end with a microforge). The pipette was secured into a manipulator (Luigs & Neumann), and lowered into water for imaging by a water-immersion lens.
Imaging parameters
Hippocampal slices and recombinant GFP were imaged with a Coherent Chameleon Ultra II laser (mode-locked pulse train at 80 MHz) with a Zeiss LSM 7 MP microscope and Zeiss 20x-W/1.0 NA objective. Green and red fluorescence emission were detected by GaAsP photo-multiplier tubes (PMT; Zeiss LSM BiG), while blue NAD(P)H fluorescence lifetime emission was detected by a GaAsP hybrid detector (HPM-100-40 hybrid PMT, Becker and Hickl).
To image NAD(P)H lifetime in GFP-expressing cells, tissue was excited at 750 nm, and emitted light was split using a 480 nm long pass dichroic mirror. Blue NAD(P)H fluorescence passed through a 460/50 nm filter, while longer wavelengths were again split by a 575 nm long pass dichroic mirror (Chroma tech, Bellows Falls, VT). Green fluorescence was collected after passing through a 535/50 nm filter, while red (non-NAD(P)H autofluorescence or tomato lectin) passed through a 630/75 nm filter before detection (Chroma tech, Bellows Falls, VT; Fig. 1(c) ). Images were taken in the stratum radiatum of CA1 hippocampus at a depth of 50 µm -80 µm below the surface of the brain slice.
Recombinant GFP was imaged from 700 to 950 nm excitation, and emission was detected with the TCSPC hybrid-PMT using either an NAD(P)H filter (460/50 nm) for blue emission, or GFP filter (535/50 nm) for green emission. Images were acquired at 256 x 256 (zoom factor 2.8) over 30 seconds to ensure a sufficient number of photons were collected for curve fitting. For cross section measurements of recombinant GFP, laser excitation intensity was adjusted to achieve a consistent power output of 12.5 mW for green emission and 15 mW for blue emission (measured below the objective). Photons were collected for one minute in both cases for lifetime decay curve calculations. Note that it was necessary to use different excitation powers (15 mW for blue emission, and 12.5 mW for green emission) as the blue emission is dimmer across all excitation wavelengths, therefore normalized intensities are not directly comparable.
NAD(P)H fluorescence lifetime data
NAD(P)H photons collected by the hybrid-PMT were detected by a TCSPC module (SPC-150, Becker and Hickl, Berlin, Germany) and SPCM software (Becker and Hickl, Berlin, Germany). Laser pulse clock information was simultaneously sent to the SPC-150 module enabling lifetime calculations.
Photon counts were passed to SPC Image (version 7.3), where decay curves for each pixel were calculated using a two-component exponential by the following equation:
Where α is the amplitude and τ is the lifetime. We processed the data with unfixed τ 1 and τ 2 lifetimes, which correspond to the free and bound forms of NAD(P)H, respectively ( Fig. 1(d) , e). The instrument response function (IRF) was automatically calculated by taking the derivative of the rising edge of the fluorescence signal. SPC Image performed automatic convolution of the decay model with this calculated IRF to best fit the measured data. There was no evidence of continued NAD(P)H emission past the 12 ns acquisition window set by the laser pulse rate, with only background photons detected at the onset of the following acquisition.
The mean lifetime (τ m ) of each pixel is calculated by:
where α 1 + α 2 = 1. The average mean lifetime across the image or mask of a cell was reported. A spatial bin factor with a radius of 3 pixels was used to attain a photon count >10 at the tail of the curve. Fluorescence lifetime of GFP was calculated as either a one or two-component decay curve, and the τ m was recorded.
Single-cell NAD(P)H lifetime analysis
To measure NAD(P)H lifetime within single cells, a mask was drawn around the cell using either the EGFP or tomato lectin fluorescence image as a guide. Masks were drawn away from the edge of the cell to avoid any pixels contaminated by photons from the surrounding tissue. The τ m of the mask was recorded. Results were compared by a Student's t-test or oneway ANOVA as specified, and reported or displayed as mean ± SD.
Results
Recombinant GFP lifetime under NAD(P)H imaging parameters
GFP is reported to have a mean lifetime of 2500 ps [10, 18] . However, this is measured using excitation and emission wavelengths ideal for imaging GFP (2P λ ex : 910 nm, λ em : 510 nm).
To test if the presence of GFP interferes with metabolic recordings, we measured GFP emission in the blue spectrum using NAD(P)H imaging parameters (2P λ ex : 750 nm, λ em filter: 460/50 nm). To accomplish this, the fluorescence lifetime of recombinant GFP (35 µM) was measured in a sealed micropipette to circumvent potential contamination from NAD(P)H, cellular components, and pH changes. The concentration and environment of GFP remained constant while the excitation and emission settings could be adjusted. When imaged at λ ex 910 nm with 2PSLM, GFP is expected to fluoresce from 470 nm to 650 nm, with a peak at 510 nm [23] . To test the lifetime of both green and blue emission in these excitation parameters, emitted photons were collected by the TCSPC detector using either a green (535/50 nm) or blue (460/50 nm) emission filter. The mean lifetime measured through both emission filters approximated 2500 ps ( Fig. 2(a) , (b)). The histograms of each image show a well-defined peak, and both τ 1 and τ 2 are approximately 2500 ps with an equal split between the contributions of the components (α 1 and α 2 ), suggesting these data would fit to a singlecomponent decay curve. The data were processed as a bi-exponential decay curve to match the parameters used for NAD(P)H lifetime calculations. These values correlate well with the previously measured lifetime of GFP [16, 17] . GFP lifetime was then measured using 750 nm excitation to mimic NAD(P)H imaging conditions. Green emission once again exhibited an expected mean lifetime of 2500 ps (Fig.  2(c) ). However, the blue emission had a short mean lifetime (τ m ~500 ps) closely matching that of free NAD(P)H ( Fig. 2(d) ). These data confirm that, in the absence of NAD(P)H autofluorescence, GFP itself emits blue light with a short lifetime that is detectable with 750 nm, but not 910 nm, excitation.
To further characterize the blue and green GFP lifetimes and intensities, we measured these parameters using recombinant GFP across an excitation spectrum of 700 -950 nm. Blue emission had a short mean lifetime from 700 to 800 nm due to a predominant τ 1 component (τ m ~500 ps, α 1 : 83-87%; lifetimes fixed at τ 1 : 267 ps, τ 2 : 2330 ps based on the average lifetimes from 700 to 800 nm excitation; Fig. 3(a) ). At excitation wavelengths over 800 nm, there is a precipitous increase in mean lifetime to 2500 ps. The normalized emission intensity ( Fig. 3(b) ) reveals fewer photons are emitted at lower wavelengths relative to the peak intensity around 900 nm. As expected, the green emission showed a long and stable mean lifetime around 2500 ps ( Fig. 3(c) ), and an emission intensity increasing at longer wavelengths with a shoulder at 800 nm ( Fig. 2(d) ). Fig. 3 . Recombinant GFP emission lifetime and intensity spectra. Recombinant GFP protein in a sealed pipette was imaged from 700 nm to 950 nm excitation wavelengths at intervals of 25 nm. Either a blue (460/50 nm) or green (535/50 nm) emission filter was used before collecting light with the FLIM hybrid detector. Mean GFP lifetimes (τ m ; bold line) and the corresponding short (τ 1 ) and long (τ 2 ) lifetimes are shown across excitation lifetimes for blue (a) and green (c) emission. τ 1 and τ 2 lifetimes were fixed based on the average unfixed values from 700 -825 nm. The relative contribution of the short (α 1 ) and long (α 2 ) lifetimes are represented as percentage of the total photons (dashed line). Intensities of blue (b) and green (d) GFP emission were measured across excitation wavelengths as the number of photons collected and normalized to the peak emission intensity.
NAD(P)H measurements in Thy1-EGFP neurons
To investigate the GFP contamination of NAD(P)H fluorescence in a biological system, we turned to Thy1-EGFP mice that express EGFP in a subset of neurons. As an important control, we evaluated the metabolic profile of wild type (WT; non-EGFP) pyramidal neurons in the CA1 region of WT hippocampus. Neurons were identified with transmitted light (Fig.  4(a) ) and NAD(P)H-FLIM was imaged using 2PLSM tuned to 750 nm. We observed perinuclear NAD(P)H fluorescence with a heterogeneous distribution of lifetimes denoting the abundance of free (glycolytic) and bound (ETC) NAD(P)H, with an average mean lifetime of 1193 ± 44 ps across cells (τ 1: 550 ps, α 1 : 70%; τ 2 : 2500 ps, α 2 : 30%; Fig. 4(b) ). In contrast, performing NAD(P)H-FLIM in Thy1-EGFP neurons (Fig. 4(c) ) revealed a short mean lifetime (τ m : 290 ± 25 ps; τ 1: 280 ps, α 1 : 98% ; τ 2 : 2400 ps, α 2 : 2%), incorrectly suggesting a high rate of glycolysis over ETC ( Fig. 4(d) , (e) top). As confirmation of the EGFP lifetime in these conditions, excitation of Thy1-EGFP neurons at 910 nm produced the expected EGFP lifetime near 2500 ps (τ 1: 2000 ps, α 1 : 80% ; τ 2 : 2500 ps, α 2 : 20%; Fig. 4(e) bottom, (f)). As the blue emission of GFP decreases at lower excitation wavelengths ( Fig.  3(b) ), EGFP-expressing neurons were imaged at 710 nm, 725 nm, and 750 nm excitation. The short EGFP component was observed in all conditions, suggesting EGFP and NAD(P)H cannot be differentiated at shorter excitation wavelengths. Therefore, we have confirmed that the lifetime of EGFP in the blue emission spectrum mimics that of free NAD(P)H in biological tissue, and in this case, overwhelms the endogenous NAD(P)H signal and cannot be confidently separated by experimental conditions. As an alternative to EGFP expression, exogenous dyes may be used as cell-specific indicators. To test the impact of a red-shifted, externally-applied dye on the NAD(P)H-FLIM signal, we turned to microglia in acute hippocampal slices. It has been previously established that these cells can be identified by incubation with Isolectin-B4, or tomato lectin, which binds to the extracellular surface with no adverse effect on their physiology [24] [25] [26] . To image EGFP-negative microglia, WT C57Bl/6 acute hippocampal slices were incubated with tomato lectin-594 DyLight (8 µg/ml; Vector Labs DL-1177) for 45 min at 32 °C as previously described [24] . In microglia identified by this method, the NAD(P)H mean lifetime was 837 ps (SD: ± 113 ps) ( Fig. 5(a), (b) ).
Cell-specific metabolism in EGFP-negative systems
As confirmation that tomato lectin staining does not directly interfere with NAD(P)H-FLIM measurements or change microglial metabolism, microglia were imaged before and after tomato lectin application. Microglia were initially identified by transmitted light and lipofuscin autofluorescent inclusions to measure NAD(P)H lifetime ( Fig. 5(f) , (g), (h)). Tomato lectin was then puffed onto the slice to stain microglia, and the NAD(P)H lifetime was again measured (Fig. 5(i) , (j), (k)). Pre-and post-lectin images showed no difference in NAD(P)H mean lifetime (τ m : 912 ± 50 ps pre-tomato lectin; τ m : 889 ± 50 ps post-tomato lectin, n.s. by one-way ANOVA including EGFP and tomato-lectin incubation tissue). Therefore, tomato lectin staining is a reliable way to identify microglia in heterogeneous ex vivo conditions without effecting cell metabolism or NAD(P)H-FLIM measurements.
NAD(P)H measurements in CX3CR1-EGFP microglia
To confirm the effect of EGFP on the NAD(P)H signal within microglia, acute hippocampal slices from CX3CR1 +/EGFP mice were imaged. Comparing the NAD(P)H lifetime of several microglia by EGFP expression or tomato lectin staining revealed that EGFP-positive microglia have significantly shorter mean lifetimes (τ m : 577 ± 41 ps in EGFP-positive cells, Fig. 5(c), (d) ; τ m : 837 ± 113 ps in EGFP-negative cells), further confirming the bright EGFP emission in the blue spectrum with a short fluorescent lifetime. Microglia identified by tomato lectin also have a larger standard deviation around the mean relative to EGFP-positive cells (coefficient of variation: EGFP 7.05%; tomato lectin 13.47%; Fig. 5 (e)) denoting complex metabolic pathways. This provides further evidence that EGFP expression overwhelms NAD(P)H signals within biological systems.
Reactive oxygen species and protein load on NAD(P)H measurements
While we confirm that recombinant EGFP fluoresces in the blue spectrum with a lifetime around 500 ps in biological systems, it is possible that the altered NAD(P)H-FLIM measurements in EGFP-positive cells is the result of a metabolic alteration caused by EGFP protein expression. Responses to EGFP expression might include reactive oxygen species (ROS) load [27] , or cell and ER stress induced by exogenous protein expression [28] . To address the concern of increased ROS in EGFP-expressing cells, CX3CR1 +/EGFP slices were incubated with the ROS scavengers N-acetyl-cysteine (5 mM) and ascorbic acid (2 mM). Addition of these ROS buffers did not rescue the NAD(P)H measurements of EGFP-positive microglia to tomato lectin levels (τ m : 619 ± 68 ps in ROS scavenger incubated EGFP microglia; Fig. 6 ). Fig. 6 . ROS scavengers do not increase NAD(P)H lifetimes in EGFP expressing microglia. Acute hippocampal slices with EGFP-positive microglia were incubated for 1 hour in 5 mM Nacetyl cysteine and 2 mM ascorbic acid before imaging (a). Microglial NAD(P)H lifetime in the presence of ROS scavengers was ~583 ps. Distribution of lifetimes are plotted as a histogram showing the normalized number of pixels across mean lifetimes. Only pixels within the microglia cell mask (dotted line) are considered (b). (c) ROS scavengers did not significantly increase the mean lifetimes of EGFP-positive microglia, which were still significantly shorter than microglia from wild type slices identified by lectin (same lectin data set as presented in Fig. 5(e) ). **** p< 0.0001 by one-way ANOVA; error bars show standard deviation of the mean.
To investigate the role of exogenous protein expression and associated cellular and ER stress, NAD(P)H-FLIM was performed on the CX3CR1-Cre mouse line. In these mice, microglia express the Cre protein under the same promoter as used to drive EGFP in the CX3CR1 +/EGFP line. Therefore, if metabolic changes resulted from exogenous protein expression, these cells should also display a short NAD(P)H lifetime as seen in EGFPpositive tissue. However, all Cre-expressing microglia showed a similar NAD(P)H measurement to those from WT cells (Cre-microglia τ m : 998 ps; Fig. 7 ). As in WT microglia ( Fig. 5(a) , (b), (e)), Cre-expressing microglia have a significantly longer mean lifetime, with a greater coefficient of variation when compared to EGFP-positive cells (τ m : 573 ± 42 ps in EGFP cells; τ m : 1067 ± 197 ps in Cre cells; Fig. 7(c) ). 
Discussion
We have tested the possibility that combining NAD(P)H-FLIM with EGFP expression could be used to measure cell-type specific metabolism within heterogeneous tissue preparations. NAD(P)H-FLIM is an effective imaging technique to quantify shifts in metabolic states. However, we show here that despite the spectral separation of reported NAD(P)H and EGFP emissions, exciting either GFP or EGFP at 750 nm yields blue emission at 460 nm that contaminates NAD(P)H fluorescence. This was confirmed both in aqueous solution and ex vivo in neurons and microglia. All EGFP-positive cells imaged with NAD(P)H-FLIM parameters possessed an artifactual glycolytic phenotype due to EGFP molecules fluorescing in the blue spectrum with a short lifetime matching free NAD(P)H.
The EGFP and free NAD(P)H components could not be confidently separated using different excitation wavelengths. Further, EGFP expression masked metabolic changes to NAD(P)H as 10 min exposure to hypoxia had no effect on emission lifetime in the blue spectrum (data not shown). EGFP separation was also attempted by using a three component model to fit the decay curve with fixed τ 2 and τ 3 at the expected free and bound NAD(P)H lifetimes, respectively. While this method uncovers an additional short component with a lifetime matching the τ 1 of recombinant GFP, it is still unclear if EGFP photons are contributing to the fixed free NAD(P)H component. Based on our experience, this method does not reliably separate the EGFP photons and it is not recommended without further validation. The contribution of EGFP and NAD(P)H may change across cell types, expression patterns, or experimental setups, and may therefore be separable under certain conditions. However, the presence of EGFP will nevertheless introduce noise and decrease the dynamic range of the NAD(P)H signal, and in so doing, decrease confidence in the resulting data. It is instead suggested that EGFP-expressing tissue is avoided when performing NAD(P)H-FLIM measurements.
In practice, endogenous NAD(P)H autofluorescence has low emission intensity, while EGFP is bright and often expressed at high levels. Furthering the problem is the unexpectedly high quantum yield of GFP in the blue spectrum after 2PLSM relative to one-photon excitation [19] . Therefore, EGFP contamination of the blue channel is likely to completely obscure the NAD(P)H signal in common experimental preparations. NAD(P)H-FLIM measurements in GFP-expressing cells have been performed previously to investigate macrophage metabolism or metabolic effects of viral infection [29, 30] . A high rate of glycolysis and low ETC activity in GFP-positive cells was reported [30] . Indeed, their measurements have little deviation around the mean and are centred at 500 ps, which is what we have observed to be the GFP lifetime under NAD(P)H imaging conditions. Without GFPnegative experiments, the results are difficult to interpret, which underscores the importance of appropriate controls when using FLIM techniques in combination with fluorescent proteins and dyes.
It is well established that the GFP chromophore exists in both anionic deprotonated (R -), and neutral protonated (RH) states [21, 31] . The deprotonated form is structurally relaxed and emits at a peak around 510 nm with a monoexponential decay curve and lifetime of 3200 ps [20] . However, when protonated, the GFP excitation peak is shifted to ~395 nm from the typical peak at ~475 nm. The protonated form first undergoes excited state proton transfer to a structurally unstable intermediate form, which shows emission at 510 nm, but also a unique blue fluorescence [20] [21] [22] . To investigate the lifetime of this blue fluorescence, prior studies have used a GFP mutant (T203V) with an increased fraction of protonated protein.
Researchers found that fitting a lifetime curve at 515 nm emission revealed a lifetime around 3290 ps. However, fitting the lifetime curve at 460 nm revealed a tri-component decay curve, τ 1 of 70 ps (68%) which falls within the instrument response function, τ 2 of 420 ps (25%), and τ 3 of 1210 ps (7%) [20] . The observation of blue emission with short fluorescence lifetime has also been confirmed using 2P excitation at 740 nm [18] . Therefore, our work agrees with previously published results that a subset of protonated GFP molecules can emit in the blue spectra with a short fluorescence lifetime. This also reconciles the absence of a short lifetime emission when GFP is imaged at 910 nm, as this is less likely to excite the protonated chromophore.
We explored several other possible mechanisms which could lead to the observed GFP effect in NAD(P)H-FLIM recordings. These include biological effects of GFP expression on cellular metabolism such as ROS production, or protein load and cell stress.
It has been previously reported that the maturation of each GFP molecule releases a hydrogen peroxide molecule [27] . While it is speculated that the originating jellyfish species, Aequorea Victoria, have evolved ROS scavenging mechanisms to cope with increased oxidative stress, artificial expression in mammalian cells may cause stress and damage. Furthermore, this altered redox state may impair the function of complexes within the ETC and force the cell to rely on glycolysis for energy production [32] . While this should remain a consideration to the health and understanding of biological experiments, it does not appear to be the cause of the short lifetime signal in our NAD(P)H-FLIM experiments. Addition of ROS scavengers (N-acetyl-cysteine, and ascorbic acid) did not alter the NAD(P)H signal within EGFP-positive microglia (Fig. 6 ). We cannot, however, experimentally rule-out possible chronic ROS-induced changes to the cytosolic milieu that are not amenable to transient ROS scavenging.
The short lifetime signal in EGFP-positive cells also does not appear to be the result of exogenous protein expression and associated cellular stress [28] , as we did not observe a 'glycolytic' shift in lifetimes from CX3CR1-Cre tissue (Fig. 7) . The absence of a Credependent shift in NAD(P)H lifetimes compared to control cells points toward a technical artifact from EGFP fluorescence, rather than a metabolic effect of EGFP on biological tissue. The clearest example of this is shown in imaging recombinant GFP solution within a micropipette ( Fig. 2 and 3) , where there is no confounding effect of metabolic changes or variable cytoplasmic conditions. While researchers should be aware of these unintended consequences of using genetically encoded indicators, we provide evidence that the EGFP effect on NAD(P)H-FLIM measurements is a result of emission in the blue spectrum with a short lifetime.
Conclusion
In conclusion, we have shown that when either GFP or EGFP are excited at 750 nm, there is a strong emission in the blue spectrum (~460 nm) with a short mean lifetime (~500 ps). This is likely due to excitation and detection of a fraction of GFP molecules in the protonated form. As these are the same imaging parameters used to measure NAD(P)H lifetime, the use of EGFP-expressing cells will lead to incorrect interpretations of cellular metabolism. Instead, to perform cell-specific metabolic measurements, we encourage investigators to use fluorophores with no emission in the blue spectrum. We remind researchers of the importance of testing their fluorescent molecules under NAD(P)H imaging conditions to ensure they are reliably measuring only NAD(P)H metabolism.
